Capillary pump loop (CPL) is a two-phase heat transfer device considered as a useful solution for thermal control applications in spacecrafts, satellites and electronic components. The purpose of this paper is to study various aspects of the working state of the CPL evaporator. A two-dimensional computational model was developed in order to analyze the flow and the phase transformation inside a cylindrical evaporator. At the present analysis, different cases were studied by changing liquid saturation temperature, inclination angle of the evaporator and the length of the porous heated wick. Water, ammonia, acetone and freon-134 were used as working liquids for numerical experiments. Results present the evaporator capability to vaporize each working liquid and find out its possibility of dry-out causing failure. This information is useful in choosing the best working liquid for an evaporator, enabling bigger amounts of heat to be transferred.
INTRODUCTION
A capillary pump loop (CPL) utilizes the same basic working principle as the widely known heat pipe, a closed evaporationcondensation cycle maintained by capillary pumping. The major advantage of the CPL over the heat pipe is that it can transport energy over a longer distance. Two-phase heat transfer devices with capillary pumping of a working fluid, such as the CPL, are of particular interest in thermal control applications because of the high heat transfer capacity associated with phase change. CPL technology has been developed as an option for transporting thermal energy within spacecrafts, satellites and electronic components.
Previous research highlighted that the working capability of a CPL system could be far below its design capability because the pressure in the loop was not as steady as expected. Pressure was fluctuating, a phenomenon so-called pressure oscillation. Based on the physical model of a CPL, the phenomena were simplified and analyzed, with a set of non-linear differential equations taking under consideration system parameters, working temperature, loop resistance and vapor volume, affecting the performance of the CPL. Pressure oscillation in the loop was found to be the main reason leading to the dry-out of the system. To minimize this danger, a CPL needs an evaporator with large capability, high working temperature and a reservoir connected far away from the loop.
It is also known that there exists a maximum thickness of vapor layer for a specific evaporator under given thermal load. When the thickness of the vapor layer exceeds its limit, heat transfer in the evaporator becomes worse and leads to deprime. When this happens, the liquid -vapor interface moves inwards, the vapor layer thickness also increases leading to loop failure [1] .
Evaporator optimization was studied with a mathematical and physical model, developed to analyze the flow and heat transfer in the porous wick of the evaporator. The calculation domain was divided into two parts: vapor-saturated region and liquid-saturated region. The characteristics of flow and heat transfer have been numerically studied according to the field synergy principle. Attention was given on the synergy between temperature field and velocity field. The smaller the synergy angle the better the synergy between heat transfer and fluid flow and more efficient the heat transfer device. Also heat flux and geometrical data, fin width and porous wick thickness, exert a great influence on flow and heat transfer of the evaporator [2] .
A mathematical model was developed for theoretical investigation of operational characteristics on a small-scale CPL. The CPL design was related to maximum capillary pressure developed by the wick structure and working fluid. The overall pressure drop in the loop should be less than the maximum capillary pressure in order to ensure that the system would operate continuously [3] . A two-dimensional porous structure with partial heating and evaporation on the upper surface was studied analytically. Liquid pressure and velocities were solved using Laplace-type equation for the porous. The temperature field in the porous structure can be accurately predicted. A parametric study for the porous was presented [4] .
A three-dimensional model for flat-plate evaporator was given for liquid flow and heat transfer in the porous wick. Numerical results under different working conditions and fluids are presented, which provide guidance for the evaporator design. Vapor flow in the groove is highly dependent on the working fluid used. For water, the vapor velocity was relatively high, for freon-11 and ammonia; however, the vapor velocity was negligibly small. Relative accurate results were obtained using the two-dimensional model [5, 6] .
MODELING OF A CPL
To understand mass and heat transfer mechanisms inside the porous wick and analyze the flow inside an evaporator, a threedimensional model was designed, Figure 1a , in Gambit, software for geometry and mesh generation. As a first approximation in order to reduce computational time, a two-dimensional model was used, Figure 1b , which could also provide us with enough accurate results.
A previous research stated that using a mathematical model can predict the heat transfer in the evaporator [7] . Using the same principles and boundary conditions used on that mathematical model, a computational model was developed to make this evaporator parametric analysis.
This computation model had a 2D structured mesh of 20 000 cells, capable to simultaneously simulate the flow at the interior of the model. Results derived when compared computational and experimental measurements indicated that denser mesh of 40 000 was not needed keeping the computational time needed at reasonable level. CFD Fluent, Flow Modeling Software was used, applying the mixture multiphase model, which can be used to model multiphase flows where the phases move at different velocities as well as homogeneous multiphase flows with very strong coupling and phases moving at the same velocity, and the SIMPLE algorithm for pressure-velocity coupling. For the solution convergence, all residuals were set at 10
23
, except from energy that was set at 10 26 . Regarding the under relaxation factors, value 0.2 was set for momentum and volume fraction and 0.5 for energy. Boundary conditions utilized were velocity inlet, for flow inlet, pressure outlet, because mixture model was selected, hot wall, for external evaporator wall and porous media, for the evaporator wick of 0.7 porosity.
Two variables, porous heated length L xf and inclination angle a, were used to design evaporator models working under different circumstances. Three values were chosen for L xf , 25, 50 and 75% of the total porous length, and inclination angle, 08, 258 and 508.
Results concerning heat transfer and temperature distribution are presented for specific lines in our mesh, as numbered in Figure 2 . These lines are at the evaporator outflow, position 1 with 4 mm length, and inside the wick in vertical and horizontal direction, position 2 and 3 with 4.5 and 80 mm length, respectively.
RESULTS
The CPL of the present analysis uses a wick made of sintered metal of 80 Â 10 23 m length, 4 and 13 mm inner and outer diameter, respectively, 1. aluminum shell has 4 and 22 mm inner and outer diameter, respectively, and the external wall temperature was set at 333 K. Table 1 presents properties of the working fluids used, water, ammonia, acetone and freon-134, such as latent heat of evaporation, liquid and vapor density, liquid and vapor viscosity and liquid surface tension. Because of the different thermophysical properties, a common saturation temperature, 313 K, was chosen for all liquids, in order to compare final results.
Initial temperature of the fluids was also different. For water and acetone, we assumed that the evaporator was filled with liquid of 293 K and for ammonia and freon-134, of 233 K.
Analysis was divided in three sub-cases. First case for L xf ¼ 25% and a ¼ 08, 258 and 508; second case for L xf ¼ 50% for the same angles and third case for L xf ¼ 75% again for the same angles.
The first fluid used was water. Figure 3 presents temperature distribution at position 2 in the wick. Heat flux was mainly benefited by zero inclination angle. From top to bottom, wick temperature ranged between 331 and 323 K. For 258 and 508, heat flux was significant smaller and temperature range was from 322 to 314 K. Despite different amount of heat transferred to the wick, all curves indicate liquid vaporization at this area of the mesh. Figure 4 showing temperature distribution at position 3, gives a better understanding of the heat flux along the wick. Near the left corner of the wick, temperature is higher, while reaching the right corner of the wick, away from the heat source, temperature is decreasing. The main difference is the impact of inclination angle at wick temperature. For 08, curve indicates that near the wick's close end flow is cooled, below saturation temperature. On the other hand for 508, curve indicates that the upper surface of the wick is covered with vapor. Even near the close end flow, temperature is 4 K higher than saturation limit. For 258, curve follows the same pattern as for 508 and values are 4 K smaller, meaning a milder effect of high inclination angle and small wick heated length on wick's temperature.
Because of these facts, flow temperature at position 1 is as shown in Figure 5 . At the model exit for zero angle, vapor is located near the upper and lower wall, where temperature is 314.3 K, while at the middle of the flow, temperature is much smaller, only 302 K. For 258, curve is much different, showing vapor flow only near the lower wall, around 2.5 mm, where temperature was 318 K. For 508, curve was smoother at the middle, where temperature was 320 K. Liquid was found only near the walls, where temperature was 308 K.
Increasing inclination angle so far gave better results concerning flow temperature at the outlet. The most concerning fact was high heat transfer along the wick. Gravity was an obstacle to capillary forces developed in the wick, affecting temperature distribution, especially near right corner, where flow was not cooled. The main issue was the possibility that the wick could dry out, filled with vapor. This could lead bubbles to move inward, blocking inlet of sub-cooled liquid, causing failure.
For that reason, we used the second case model, L xf ¼ 50%, to see whether bigger area transferring heat to the wick was actually a disadvantage. Results were the same at position 2, as shown in Figure 6 . Temperature distribution from top to bottom of the wick was the same as before. For a ¼ 508 at the middle of the wick height, temperature was now slightly higher.
Temperature along the wick for bigger wick heated length is presented in Figure 7 . For zero angle, temperature at the middle of the wick length was bigger, almost 10 K, than before. Near the right corner of the wick, this difference was a bit smaller, only 4 K. For 258 and 508, temperature distribution was higher near the left corner, 9 K.
Results at the model exit, presented in Figure 8 , confirm that the two most benefited cases for bigger wick heated length were evaporator with 08 and 258. For zero angle, vapor formation spotted near the bottom wall at the exit with higher temperature, 318 K. For 258, vapor flow was larger, compared with the previous model. Temperature was 12 K bigger near upper wall and 8 K near bottom exit wall. For 508, flow increased its temperature only 5 K but practically results were the same as for 258.
The third case model, with L xf ¼ 75%, did not provide us with results of better operation. On the contrary, cases of failure were stated. For 08, vapor showed up at the end of L xf inside wick structure but moved inwards blocking gradually the evaporator groove. Temperature raised above saturation limit along the wick very fast, vaporizing liquid inside the porous structure. Sub-cooling effect was minimized earlier than for 08. Results were even worse for 258 and 508. Temperature was even bigger at position 2 and 3. Cool flow could not decrease wick's temperature, avoiding that way a dry-out. Results regarding position 3 are presented in Figure 9 . The evaporator deprime for L xf ¼ 75% indicates the presence of a critical wick heated length achieving best evaporator performance.
Second fluid tested was acetone, which has a much smaller latent heat of vaporization, 536 kJ/kg, compared with water, 2406.5 kJ/kg. Acetone in other words needs smaller amount of heat to vaporize the same amount of liquid without temperature increase compared with water. On the other hand, surface tension of acetone, 26.2 Â 10 23 N/m, is near one-third of water's, 72.88 Â 10 23 N/m. For the first model, temperature distribution at position 2 was more stable compared with water, 325 K, from upper to lower surface, even for inclination angles of 508.
The main difference was the temperature flow along the wick. For all three angles, temperature near the left corner was 330 K, but near the right corner, temperature decreased to 297 K. The decrease rate depended on the angle, the smaller the angle the bigger the rate was, as presented in Figure 10 . At the left corner, the upper surface of the wick was filled with vapor, but heat flux was not enough for the rest of the wick surface.
All these are in agreement with results presented in Figure 11 . The only case presenting vapor at the exit was for 258, and the reason was an amount of flow pumped from the bottom groove of the evaporator upwards. For 08 and 508, flow temperature was below saturation limit.
Increasing wick heated length showed the limits of acetone as working liquid earlier than water. For 08, heat was transferred to larger area of the wick, as expected, but never the less near the right corner flow was again cooled below saturation limit. For 258 and 508, temperature distribution along the wick was higher this time, above saturation limit at all wick length, meaning vapor formation, Figure 12 .
Wick was enough hot to block flow moving upwards. Vortices were formed inside the porous structure trapping liquid inside the evaporator causing dry-out. Only for 258, again a small amount managed to overcome gravity and reach the exit through the bottom groove, as shown in Figure 13 .
Results for the third model, L xf ¼ 75%, presented extensive dry-out. Because of small latent heat and gravity forces, acetone could quickly vaporize inside the wick but moved inwards because of inadequate capillary forces. So there was no vapor pumped upwards.
Third fluid tested was ammonia. From Table 1 , we can understand the nature of this fluid better. Ammonia has half the latent heat of water, 1113 kJ/kg, and has big vapor density, 11.01 kg/m 3 , liquid viscosity is quite small and thermal conductivity is similar to water but has small surface tension, 33.9 Â 10 23 N/m, close to acetone.
For the first model, results showed that for 08 heat flux was quite reasonable and temperature range was from 320 K at upper surface to 307 K at lower surface of the wick at position 2, Figure 14 . For 258, temperature was below saturation limit and even for 508 the larger area of the left corner was filled with unsaturated liquid.
Along the wick, flow temperature far from the heat source decreased gradually to 240 K, Figure 15 . Flow was easily cooled due to small latent heat, enabling quick phase changes and gravity forces larger than surface tensions at liquid-vapor interface. Therefore, temperature flow at the exit was quite small, from 260 to 265 K, meaning no vapor pumped upwards, Figure 16 . Using the second model did not change the outcome that much despite larger wick heated length. Near the left corner, temperature was a bit higher for 258, 320 K instead of 305 K. At the bottom of the wick, ammonia was again rapidly cooled to 305 K for all angles. Along the wick, at the upper surface, temperature was again decreased below saturation limit near the right corner to 240 K. Consequently, again no vapor was pumped to the grooves towards the exit.
Even the third model did not change at all the outflow temperature, thus not presented analytically. Last fluid was freon-134 having the smaller latent heat, specific heat for both liquid and vapor phase and surface tension of all four liquids and the bigger vapor density. Using the first model gives a reasonable temperature increase at the left corner of the wick, Figure 17 . For zero angle, temperature begins from 324 K decreasing at 310 K. For 258, temperature at the upper half of the wick is 10 K smaller while that at the bottom reaches 305 K. For 508, temperature remains high, 320 K, mostly because of recirculation inside the wick. The lack of sufficient capillary forces for this angle traps the flow inside the evaporator.
Consequently, the curves for temperature along the wick represent one phase flow, only liquid, towards the groove of the evaporator. At the right corner of the wick, temperature lays from 230 to 290 K, below saturation limit, Figure 18 . As a result, outflow temperature is beneath saturation temperature as well, Figure 19 .
Analysis with the other two models did not provide us with results proving an operation improvement. Neither bigger wick heated length nor inclination angle had as result vapor flow at the exit of the evaporator for the given saturation temperature, which leads us to the same conclusion with ammonia. Freon-134 could increase its temperature from 25 to 45 K, but this was not enough for vapor formation, making it suitable for applications where smaller temperature differences between heat wall and inlet are required.
To establish reliability of the computational model of this study, comparison with experimental data of temperature from our installation revealed a good agreement in terms of temperature difference, Figure 20 . This comparison was based on simulating the experiment with the precise operating conditions indicating good performance of the CFD model predicting the outflow temperature satisfactorily, considering primarily that the evaporator operation status is constantly changing with time and secondly that the temperature sensor accuracy does not allow to measure the outflow temperature profile from the upper wall towards the bottom wall with a much better accuracy. For this reason, we consider the experimental outflow temperature to be uniform at 323 K. Consequently, a 0.2 K difference at the middle of the flow is assumed as adequate for the purpose of the present study seeing that minimizing the value of both under relaxation factors and residuals would, certainly, increase 2D model accuracy and, on the other hand, the required computational time.
CONCLUSIONS
Water was proved good as working liquid for small and moderate wick heated length. For L xf ¼ 25% and 08, vapor showed up at the end of L xf and moved inwards blocking gradually the evaporator groove. Temperature was bigger than saturation limit along the wick showing a porous structure filled with vapor. For 508, water achieved a 30 K temperature increase giving vapor flow at model exit. For 258 and 508, temperature was even bigger at position 2 and 3 but sub-cooled flow could not reduce wick's temperature avoiding a dry-out. The evaporator deprime for L xf ¼ 75% indicates the presence of a critical wick heated length for water, which is 50%.
For acetone, capillary forces were smaller compared with gravity due to inclination angle, not managing to ensure stable working state. Cases found where wick was too hot, blocking flow upwards. Vortices were formed inside the porous structure trapping liquid inside the evaporator causing dry-out. Results for L xf ¼ 75% presented extensive dry-out because of working liquid small latent heat and gravity forces. Acetone was quickly vaporized inside the wick moving inwards because of inadequate capillary forces.
As working liquid, ammonia provided two main advantages, more stable operation for inclination angles compared with water and acetone, in terms of temperature along the wick, and a 25 to 35 K flow increase at the exit. Considering that inlet temperature was 230 K, this increase was quite good. A smaller saturation temperature could easily ensure vapor flow.
Freon-134 could increase its temperature as well from 25 to 45 K but this was not enough for vapor formation, making it suitable for applications where smaller temperature differences are required. Neither bigger wick heated length nor inclination angle had as a result vapor flow at the exit of the evaporator for the given saturation temperature.
Comparing the computational model results with experimental measurements, keeping in mind differences in geometrical features of the evaporator used, such as porous wick length, inner and outer diameter and material it was made from, as well as, slightly different operating conditions, these were found to be in a very satisfying agreement, proving the reliability of the 2D model. Moreover, we could not exploit all the computational result, for L xf of 50 or 75% combined with ammonia, acetone and Freon-134a as working fluid, because of limited references on experimental installations utilizing similar models and working fluids. Despite that we ended up with some very interesting conclusions.
Water evaporator outlet temperature was only 2-38C smaller for 40 and 20 W of heat load, respectively, for 08 of inclination angle and 50% of porous wick heated length compared with previous measurements [8] , while for bigger inclination angles, the gap may have extended up to 88C, for heat load applied up to 200 W, but this is not discouraging since the evaporator was under much bigger heat load and greater inclination angle, 908, at the experimental installation [9] .
For acetone, when studied for 25% of porous wick heated length and 08 inclination angle, experimental measurements [10] exceeded only by 58C our results for 20 W of heat load even though the acetone was entering the loop during experimental measurements at a slightly bigger temperature compared with the initial temperature used in the present study.
Finally, analysis for Freon-134 revealed a divergence of 48C for 08 inclination angle and 25% [11] . On the contrary, there were no experimental results available for CPL installations using ammonia fluid at the same or suchlike operating conditions with these of the present study mainly because ammonia initial temperature was much smaller compared with the one of past research [10] . As a result, no safe conclusion can be made.
Generally, the smaller the capillary forces of the liquid the worse the evaporator operation is for big inclination angles.
